This paper presents a new freeware simulation tool (IberWQ) for 2D water quality modelling in rivers and non-stratified estuaries. The model computes the spatial and temporal evolution of several species and variables which are relevant for the evaluation of the environmental status of rivers and estuaries, including: Escherichia coli, dissolved oxygen, carbonaceous biochemical oxygen demand, organic nitrogen, ammoniacal nitrogen, nitrate-nitrite nitrogen, water temperature and salinity. A depth-averaged transport equation is solved for each variable with a mass conservative unstructured finite volume solver. IberWQ is fully coupled to the hydrodynamic module of the software Iber, a freeware simulation tool for solving the 2D shallow water equations. Both models are integrated in the same windows graphical environment, including several tools which allow the user to generate unstructured meshes adapted to the site topography, define spatially variable input parameters and visualize model outputs. We present four application examples to illustrate the possibilities of the software for the dynamic simulation of water quality in rivers and estuaries. 
SOFTWARE AVAILABILITY
• Name of software: IberWQ
• Developed by: Iberaula (http://www.iberaula.com/)
• First available year: 2015
• Software requirements: Windows operating system
• Hardware requirements: IBM-compatible PC
• Programming language: Fortran (numerical solver); C þþ (pre-and post-processing operations) and Tcl/Tk (GUI)
• Availability: IberWQ is integrated in the software package Iber, which can be downloaded for free at www.iberaula.com T depth-averaged water temperature (Celsius)
NOTATION AND UNITS
T air air temperature (Celsius)
T k depth-averaged water temperature (Kelvin) considered in the model can be activated or deactivated according to the specific problem being solved. The only restriction is that the three nitrogen species must be always solved together. The concentration of the species which are not activated is assumed to be zero except for the DO, which in the case of not being computed is assumed to be equal to its saturation value, and the water temperature, which is set to 20 W C if its value is not specified by the user.
Hydrodynamic equations
The numerical solver of IberWQ is coupled to the hydrodynamic module of Iber, which solves the 2D shallow water equations written in conservative form as:
where z b is the bed elevation, h is the water depth, (q x , q y )
are the two components of the unit discharge, jUj is the modulus of the depth-averaged velocity, (U x , U y ) are the two components of the depth-averaged velocity, n is the Manning coefficient, g is the gravity acceleration and ν t is the turbulent viscosity, which is computed from a depthaveraged turbulence model (Cea et al. ) .
The shallow water equations are solved using the finite volume method and the numerical scheme of Roe ().
The reader is referred to Bladé et al. (b) 
Water quality equations
The following generic convection-diffusion equation is solved for each of the species considered in the model:
where C is the depth-averaged concentration of the species, S c is a generic source/sink term which depends on the species considered, h is the water depth and 
with:
where k 1 À k 7 are the kinetic constants for the processes depicted in Figure 2 , w s,1 and w s,2 are, respectively, the settling velocities of CBOD and organic nitrogen, T is the water temperature in Celsius, C DO,sat is the concentration of DO at saturation, q rad is the net incoming radiation through the water surface (short-wave solar radiation and long-wave atmospheric radiation), q br is the outgoing longwave back radiation flux, q cond is the heat loss by conduction from the water surface to the atmosphere and q evap is the heat loss by evaporation. Notice that, since salinity is considered a conservative variable, no source terms are included in its transport equation.
The reaction constants k 2 -k 6 and the settling velocities w s,1 -w s,2 must be introduced by the user as model parameters. Typical ranges of variation for these constants are given in Bowie et al. () and Eaton et al.
(). On the other hand, the reaeration constant k 1 is automatically evaluated as: Regarding the degradation of E. coli, the user might introduce a decay rate calibrated from field data (k 7 in Figure 2 and in Equation (8) (), which take into account the effects of water temperature, salinity and solar radiation in the E. coli decay rate.
The latter is considered one of the most complete models of the faecal coliform decay process (Manache et al. ) .
In the water temperature equation the time series of net incident radiation (q rad ) must be introduced by the user, while the other heat losses components (q br , q cond and q evap ) are computed as (Chapra ): 
where ρ ¼ ρ(S, T ) is the water density, which is computed from the salinity and temperature fields using the international one atmosphere equation of state of seawater (Millero & Poisson ) :
where T k is the water temperature in degrees Kelvin, and S the water salinity in kg=m 3 . The depth-integrated baroclinic force terms are introduced, respectively, in the x-and y-momentum conservation equations of Equation (1).
Numerical solver
The convection-diffusion equation for each species is solved in an unstructured finite volume mesh formed by triangular and quadrilateral elements. In order to solve Equation (2), the water depth (h) and water fluxes (hU x and hU y ) are obtained from the hydrodynamic module of Iber. The most important characteristic of the numerical scheme used to solve Equation (2) is that discretization of the advective flux is coupled to the mass flux discretization in the shallow water equations. This is a necessary requirement for a mass conservative discretization of a depth-averaged scalar transport equation ( (6) and (7). The analytical solution for this problem can be found in Genuchten et al. ().
The 1D channel was discretized in IberWQ with a longitudinal mesh made of quadrilaterals. Since the problem is 1D, only one element was used in the transversal direction.
In the longitudinal direction, three different mesh sizes were tested, with mesh spacings equal to 2.5 m, 5 m and 10 m.
The spatial and temporal evolution of the three species considered, as well as the maximum concentration levels, are correctly predicted by the model, although there is a certain lag between the analytical and numerical solutions (Figure 4 ). This lag is due to the numerical errors introduced by the discretization of the advective flux, which are reduced as the mesh size is refined. The mean absolute error (MAE) obtained with three different mesh sizes in combination with the first order and the Gamma schemes is shown in Table 1 . Although the Gamma scheme reduces the MAE with respect to the first order scheme, in this case the effect of the mesh size clearly dominates the error on model output.
Second example: wastewater discharge of CBOD and ammonia in a river
This example analyses the evolution of CBOD, ammonia, nitrates and DO concentrations along a river reach. It is based on a sample problem from Thomann & Mueller () , which is summarized in Figure 5 . A wastewater treatment plant discharges CBOD and ammonia into a river, affecting its distribution of DO. The observed in-stream shown in Figure 7 . For a precise definition of the time varying conditions, the IberWQ data files are available to download at www.iberaula.es.
Results from a field monitoring campaign were used to evaluate the performance of the model in predicting the E. coli concentration (Figure 7) . The comparison between simulated and observed E. coli levels at two control points in the estuary shows that the model captures the order of magnitude of the observed concentrations, the maximum values reaching 100 cfu/100 mL at the first control point and 10 cfu/100 mL at the second. Nonetheless, the exact details of the temporal dynamics are not properly captured.
While the simulated concentrations of E. coli show a repeated pattern over the tidal cycle, the measured concentrations exhibit a more random behaviour, which is typically 
CONCLUSIONS
IberWQ is a 2D depth-averaged water quality module which allows the user to simulate different scenarios regarding the mixing, transport and degradation of several species related to the environmental status of rivers and estuaries. The 
